The dominant patterns of the intraseasonal surface air temperature (SAT) over the Contiguous United States (CONUS) during wintertime (December-March) are investigated in the period of 1979-2014 in the present study. The first two leading modes revealed by the empirical orthogonal function (EOF) analysis sufficiently represent the patterns by explaining nearly 80% of the total variance. The EOF1 mode has a monopole pattern with large loadings in the central-north CONUS, while the EOF2 has a dipole pattern with loadings of opposing signs in the northwestern and southeastern CONUS. The monopole pattern of the EOF1 has a significant lead-lag correlation with the EOF2 dipole pattern. These dominant patterns are traced back to the convective anomalies of the Madden-Julian Oscillation (MJO) which has eight phases characterized by the revised real-time multivariate MJO index. The connections are established dynamically by Rossby wave trains propagating from the MJO convections to North America. Specifically, the monopole warming (EOF1) is well developed by lagging about two pentads from enhanced MJO convections during phase 4 over the Maritime Continent as the wave sources. The dipole pattern (EOF2) of "warm-West/cool-East" starts to develop during MJO phase 7 with enhanced convections over the Western Pacific and reaches a maximum about two pentads later. Such dynamic lead-lag relationships on intraseasonal time scales are revealed by both diagnostic analysis and numerical experiments using a linear baroclinic model, which are potentially useful for predicting intraseasonal variations in SAT over the CONUS.
Introduction
Subseasonal (~ 5-120 days) variations of surface air temperature (SAT) is closely related to warm and cold events over the Contiguous United States (CONUS) in wintertime (December-March; DFJM) to impact economy, water resources and society. Understanding the subseasonal variability of the CONUS SAT and its causes potentially improves the intraseasonal (~ 20-100 days) predictions to reduce damages.
The subseasonal variations of CONUS SAT are associated with the Madden-Julian Oscillation (MJO), the most dominant mode of intraseasonal variability in the tropics (Madden and Julian 1972) . In general MJO heating forces Rossby wave trains propagating to the extratropics to induce atmospheric circulation anomalies in the middle latitudes (Higgins and Shi 2001; Vecchi and Bond 2004; Matthews et al. 2004; Seo and Son 2012; Yoo et al. 2012; Seo et al. 2016; Seo and Lee 2017; Lukens et al. 2017) . The circulation anomalies more directly modulate the SAT anomalies in the middle latitudes as a delayed response to the tropical MJO forcing with a time lag of 1-3 weeks (Higgins et al. 2000; Lin and Brunet 2009; Schreck III et al. 2013; Riddle et al. 2013; Rodney et al. 2013; Matsueda and Takaya 2015; Seo et al. 2016) . For example, enhanced convection in MJO phase 3 induces adiabatic subsidence for warming anomalies in East Asia, whereas the enhanced MJO convection over the Indian Ocean and suppressed MJO convection over the Western Pacific trigger Rossby waves at zonal wavenumbers 2-4 to impact SAT variations over North America and Eastern Europe (Seo et al. 2016) .
A stronger and more active MJO is more influential on the extratropics during northern winters (Hendon et al. 2000; Rodney et al. 2013) . Strong MJO convection generates and amplifies extratropical Rossby waves and modulates teleconnections such as the Pacific-North American (PNA) pattern (Mori and Watanabe 2008) , which is known to influence the intraseasonal variability of winter-time SAT over the CONUS (Schreck III et al. 2013) . Statistically the subseasonal SAT variability over North America covering 10°-70°N, 150°-40°W was diagnosed to connect with the MJO and the PNA pattern in the leading modes (Lin 2015) . This variability has notable peaks on intraseasonal time scales ( Fig. 3 of Lin 2015) . A recent power spectral analysis (Yang and Li 2016) also indicates that the subseasonal SAT in the middle latitudes has peaks at 20-80 days close to or above the 99% significance level (their Fig. 1 ). Once the impacting pathway is established, a simultaneous-like linkage can also be formed between the MJO and the SAT over the CONUS (Zhou et al. 2012) . Specifically when enhanced convection occurs over the equatorial Indian Ocean, a negative SAT anomaly tends to develop over New England and the Great Lakes. As strong MJO convection shifts eastward to the Maritime Continent, a positive SAT anomaly develops in the eastern US from Maine to Florida.
There are some limitations in previous studies on how MJO influences the winter-time SAT over the CONUS. Firstly, the simultaneous-like relationship between the MJO and the SAT can be established in statistics (e.g., Zhou et al. 2012) , while a delayed response should actually be in play. Secondly, the SAT variability at the shorter end (5-20 days) of subseasonal variations may be controlled by mid-latitude atmospheric thermos-dynamics such as planetary waves and baroclinic instability more than the remote MJO convections. This less-important relationship with the MJO was disclosed before (e.g., Lin 2015) and can be elucidated by nearly a null correlation (not shown). Thirdly, the statistical relationships should be further verified by numerical experiments based on either theoretical models or eventually operational forecast systems. The limitations motivate our present study to focus on the relationship between the intraseasonal (20-100 days) variations of the CONUS SAT and MJO convections. We will demonstrate that the intraseasonal component of the CONUS SAT is more closely connected with the MJO and the connection is established through the dominant patterns of the SAT and a lagged relationship with the MJO. The dominant patterns will be derived by empirical orthogonal function (EOF) analysis and their evolution will be connected with the intraseasonal atmospheric circulations. MJO convections as Rossby wave sources contribute to the circulations through Rossby wave dispersion and then to the dominant intraseasonal SAT patterns. The Rossby waves as a response to the MJO convections will be finally verified by numerical experiments based on a linear baroclinic model.
In the remainder of the paper, the datasets, methods and model used in this study are introduced in Sect. 2. In Sect. 3, the dominant patterns of the winter-time intraseasonal SAT over the CONUS and the thermodynamic processes responsible for the generation of the SAT anomaly are analyzed. In Sect. 4, the impact of MJO convection on the dominant patterns is established by both diagnostic analysis and numerical experiments using a linear baroclinic model. Summaries and discussions are presented in Sect. 5.
Datasets, methods and model

Datasets
Observed daily SAT data at a high spatial resolution (1/16°) (Livneh et al. 2015) were gridded from approximately 20,000 National Climatic Data Center (NCDC) stations across the CONUS from http://www.color ado.edu/lab/livne h/data and are further interpolated to 1° × 1° longitude by latitude in this study. Daily outgoing longwave radiation (OLR; Liebmann and Smith 1996) from 1979-2014 was obtained from the National Oceanic and Atmospheric Administration (NOAA) as a proxy of tropical convection. Daily mean winds at 850, 500 and 200 hPa, isobaric vertical velocity and the geopotential height at 500 hPa are derived from the National Centers for Environmental Prediction (NCEP)-US Department of Energy (DOE) Reanalysis II Project (Kanamitsu et al. 2002) to establish connections between the MJO and the CONUS SAT. The OLR and dynamic fields have a spatial resolution of 2.5° × 2.5° and cover 34 winter seasons (December-March; DJFM) between 1979 DJFM) between /1980 DJFM) between and 2013 DJFM) between /2014 
Methods
The subseasonal component of the SAT over the CONUS is obtained through a band-pass filter (Duchon 1979) at 5-120 days to the raw daily anomalies. The intraseasonal component is derived by applying the same bandpass filter at 20-100 days, since the period of 20-100 days corresponds to typical time scales of the MJO (Waliser et al. 2009 ). The subset in the DJFM seasons is used for analysis. Because the dominant patterns of the 5-20-day filtered SAT do not have a significant relationship with MJO convection in terms of Rossby wave fluxes (not shown), the present study focuses on the characteristics of the 20-100-day filtered SAT and their relationships with MJO activities.
An EOF analysis is then applied to derive the dominant patterns of the intraseasonal SAT over the CONUS during winter time. The SAT and atmospheric circulation evolutions associated with the principal components (PCs) are analyzed with lagged composites. The auto-correlation of the PC time series is the basis for calculating the effective degree of freedom.
The perturbed thermodynamic equation at 1000 hPa of Seo et al. (2016) is adopted and cited below to compare the relevant physical and dynamic processes in generating the dominant SAT patterns.
where the overbar denotes the DJFM mean and the prime for the total anomaly. The curly brackets represent the anomalies at intraseasonal time scales. ⇀ V H is the horizontal wind, and is the vertical velocity in the pressure coordinates. R is the gas constant for dry air, and C p is the specific heat of the dry air at a constant pressure. The left-hand term in Eq. (1) is the 20-100-day filtered temperature ( {T} ) tendency. The first three terms on the right-hand side are associated with the horizontal advections of (1) intraseasonal temperature by mean winds, (2) mean temperature by intraseasonal winds, and (3) intraseasonal temperature by intraseasonal winds. The subsequent three terms are the adiabatic heating created in the interaction between (1) intraseasonal temperature and mean vertical velocity, (2) mean temperature and intraseasonal vertical velocity, and (3) the two intraseasonal anomalies. The seventh term represents the intraseasonal component of the diabatic heating estimated from the apparent heat source (Yanai et al. 1973 ). The residual term {RES} is small and neglected.
The phase-independent wave activity flux W (Takaya and Nakamura 2001) is computed to dynamically connect the SAT evolution with the MJO convection. Compared with the method of Plumb (1985) , this wave activity flux W is derived without any time average and depicts instantaneous three-dimensional wave-packet propagations.
In spherical coordinates, W is expressed as follows:
(1)
where (U,V) are the zonal and meridional components of basic flows; ( , ) are longitude and latitude; a is the Earth's radius; f 0 = 2Ω sinϕ is the Coriolis parameter; N 2 is the buoyancy frequency; p is the pressure scaled by 1000 hPa, and C U represents the phase propagation vector in the direction of U(U, V). The three-dimensional perturbation of stream functions is denoted by{ }.
The wave activity (angular) pseudo-momentum M is defined as where and Q is the potential vorticity of the wave and basic flow; ∇ H is a horizontal Hamiltonian operator; c p is the phase speed of the migratory perturbations in the direction of basic flow U; and is the wave energy.
In the present study, the horizontal components of the wave activity flux W at 200 hPa represent the quasi-barotropic Rossby waves propagating from the tropics to North America. The perturbed variables such as the potential vorticity and the wave energy are derived from the lagged composite difference of 20-100-day filtered stream functions at 200 hPa (cf. Eqs. 4 and 5). The phase speed of the migratory perturbations c p is estimated at each grid point using the following procedure. First, the days when the absolute values of PCs are greater than one standard deviation and correspondingly lagging day between − 15 and − 1 are selected as the reference. Then, the lead-lag spatial correlation coefficients of 20-100-day-filtered 250-hPa geopotential height time series over the 23-day period centered on the reference days are calculated, with a time lag of 1 day. The maximum positive correlation center on the lead-lag correlation maps
from the negative to positive lag is then traced to estimate the actual phase propagation (Blackmon et al. 1984) . Finally, the local value of c p at that grid point is determined as the projection of this phase propagation onto the direction of the local basic flow U. The phase propagation vector C U is determined by both c p and the basic flow. More details for calculating W are referred to Takaya and Nakamura (2001) . The MJO phases are determined by the revised real-time multivariate MJO index (RMM-r; Liu et al. 2016 ). The RMM-r represents notably more variance in convection at zonal wavenumbers 2-5 compared to the original RMM index (Wheeler and Hendon 2004) , in which zonal winds play a dominant role (Straub 2013; Wolding and Maloney 2015) . The RMM-r index better balances the roles of OLR and winds and substantially enhances the OLR magnitude over the Eastern Indian-Western Pacific Oceans. Although a strict balance is reached by the newer RMM-b index (Liu 2018) , the RMM-r identifies the MJO phases similar to the RMM-b (not shown). In this study, strong MJO events are those with RMM-r amplitudes greater than 1 and persistent for longer than 20 days. Totally 112 strong MJO cases occurred in the wintertime from 1979/1980 to 2013/2014. The phases 1-8 of each MJO event are determined by the RMM1 and RMM2 signs on the RMM-r phase diagram. For example, phases 1 and 8 correspond to enhanced MJO convection in Africa and the Western Hemisphere, 2 and 3 in the Indian Ocean, 4 and 5 in the Maritime Continent, and 6 and 7 over the Western Pacific, respectively. It is noteworthy that the first four phases span longer in time than the last four when the MJO propagates faster.
The reconstructed OLR used for composite analysis are derived in the following steps. We first remove the climatology as the first four harmonics of the annual cycle and then subtract the 120-day retrospective average from the daily OLR, U850 and U200. Next, we scale the OLR, U850 and U200 with (2 W m −2 , 1 m s −1 and 1 m s −1 ) to better balance the roles of the OLR and zonal winds. A combined EOF (CEOF) analysis is applied to the resultant anomalies in 30°S-30°N, and then the reconstructed OLR is obtained by projecting the anomalies onto the first two CEOF modes. These steps yield similar results to a band-filter at 20-100 days (not shown), while they would potentially be more useful for forecast indications.
Model
In this study, a linear baroclinic model (LBM) is used to verify the responses in the mid latitudes to the tropical heating at different locations corresponding to specific MJO phases. The LBM model was developed from primitive equations (Watanabe and Kimoto 2000; Watanabe and Jin 2003) and has been used for analyzing Rossby wave propagation under different forcing (Annamalai and Sperber 2005; Ham et al. 2007; Cui et al. 2015; Zhang et al. 2016) . The model has a horizontal resolution of spectral triangular truncation at wavenumber 42 (T42), and a vertical resolution of 20 vertical levels in the sigma coordinate system. Vertical diffusion and bi-harmonic horizontal diffusion with a time scale of 6 h are employed for smoothing. Rayleigh friction and Newtonian damping are applied using time scales of (0.5 day) −1 for σ ≥ 0.9, (1 day) −1 for σ ≤ 0.3, and (20 day) −1 for other sigma levels. The 1958-1997 DJF (December-February) climatology readily from NCEP-NCAR Reanalysis (Kalnay et al. 1996) is employed as the basic state.
Dominant patterns of winter-time intraseasonal SAT over the CONUS
The variances of raw, subseasonal (5-120 days), and intraseasonal (20-100 days) SAT anomalies, the percentage of subseasonal to raw variance, and the percentage of intraseasonal to subseasonal variance are shown in Fig. 1 to examine the spatial distributions of the SAT variability during the DJFM seasons from 1979/1980 to 2013/2014. The variances in raw, subseasonal, and intraseasonal daily SAT anomalies have very similar patterns in that maximum centers are located over the central-northern CONUS, but with different magnitudes (Fig. 1a-c ). Percentages greater than 72% of the subseasonal to the total variance cover the western CONUS ( Fig. 1d ) with the minimum at the southern part also exceeding 60%. The percentage of intraseasonal to subseasonal variance is similarly distributed ( Fig. 1e ): it is greater than 36% over the entire CONUS with two maxima exceeding 48% over the northwestern corner and along the southwestern coast. The patterns in Fig. 1 indicate that the subseasonal component (5-120 days) dominates the SAT variability over the CONUS during boreal winter and it has a notable component at intraseasonal (20-100 days) time scales.
The dominant patterns of the winter-time intraseasonal SAT over the CONUS are derived by EOF analysis on the 20-100-day filtered SAT anomalies for the DJFM seasons between 1979/1980 and 2013/2014 (Fig. 2 ). The first two leading EOFs explain 53.8% and 20.5% of the total intraseasonal variance, respectively; both are well separated from each other and from the rest of the EOF modes according to the criteria of North et al. (1982) . The first EOF is characterized by a monopole pattern ( Fig. 2a ) with large positive loadings covering the entire CONUS and a maximum centering the central-northern US. The second mode (EOF2) has a dipole pattern with opposite loading signs over the northwestern and southeastern CONUS (Fig. 2b) . A positive (or negative) phase of the EOF1 corresponds to above (or below) normal SATs over most parts of the CONUS, while a positive phase of the EOF2 represents warm SATs in the northwestern CONUS and cold SATs in the southeastern CONUS, and a negative phase reverses the signs. The second leading mode is similar to the winter temperature dipole over North America disclosed by Singh et al. (2016) . This dipole pattern occurred during the winters of 2013/2014 and 2014/2015 when much of the western CONUS suffered exceptionally warm and dry conditions and the central and eastern CONUS experienced frequently cold air outbreaks with severe winter storms from the Arctic. This concurrent "warm-West/cool-East" SAT pattern over the CONUS has become substantially more frequent in recent years (Singh et al. 2016) . Since the pattern is clearly represented by the EOF2 mode, investigating this mode and its relevant mechanisms are meaningful even though it explains a smaller variance than the first EOF mode.
The first two EOF modes have a lead-lag correlation (Fig. 3) . The positive PC2 leads the positive PC1 by approximately 5-7 days with a correlation coefficient of 0.3 passing the 95% significance level. This correlation indicates that the monopole pattern of the EOF1 has a significantly lagged relationship with the dipole pattern of the EOF2: the positive loading of the EOF2 over the western CONUS moves eastward until it covers most parts of the CONUS to become a monopole pattern of the EOF1 approximately 7 days later. The correlation also suggests that the PC1 and PC2 are dependent on each other and may share similar physical origins and predictability sources.
The two SAT EOF patterns over the CONUS are connected with the tropical MJO forcing through the intraseasonal anomalies of the 500-hPa geopotential height (Z500). The connections are established with composite maps lagging − 15 ~ 0 days. The composites on Lag 0 day for a High (or Low) correspond to the average of Z500 and SAT anomalies when the normalized PC1 is greater than 1 (or smaller than − 1). The composites on Lag − n days represent the average of the Z500 and SAT preceding the PCs above or below normal by n days. Consequently, lagged difference composites are derived by the difference between High and Low composites on specific lag days to enhance the signal. There are 552, 579, 639, and 617 cases for the conditions of PC1 > 1STD, PC1 < − 1STD, PC2 > 1STD, and PC2 < − 1STD, respectively. Figure 4 shows the lagged difference composite maps of the intraseasonal SAT and the 500-hPa geopotential height anomalies with respect to the normalized PC1 in the winter seasons (DJFM) from 1979/1980 to 2013/2014. On Lag day − 15 ( Fig. 4a ), negative SAT anomalies cover the entire CONUS with a center over the central-northern CONUS and a corresponding minimum of Z500. Cold SAT anomalies start to decrease with the center moving to the eastern CONUS, while positive Z500 anomalies intensify and cover the western CONUS where warm SAT anomalies begin to develop (Fig. 4b, c ). Afterwards, on Lag day − 6, the positive SAT and Z500 anomalies further intensify and occupy the CONUS with a center over the central-northern CONUS (Fig. 4d ). Finally, the positive SAT anomalies reach their maxima with values greater than 2.5 K on Lag day 0 ( Fig. 4f) . Notably, the composite anomalies mostly have a monopole pattern of the EOF1 since they are based on the normalized PC1. The anomalies become a dipole pattern with a weak magnitude when transitioning from negative to positive values around Lag day − 9, indicating that this evolution from Lag day − 9 to 0 is different from the lead-lag relationship between the two PCs with a maximum correlation at Lag day − 6 (cf. Fig. 3 ). Figure 5 similarly shows the lagged difference composite maps for the evolution of the intraseasonal SAT and Z500 anomalies with respect to the normalized PC2 in high and low values. On Lag day − 15 (Fig. 5a ), both the SAT and Z500 have a dipole pattern with a cold SAT and negative Z500 in the western CONUS and a warm SAT and positive Z500 in the eastern CONUS. Subsequently, the cold SAT gradually moves eastward then covers the entire CONUS (Fig. 5b, c) . Afterwards (Fig. 5d ), the cold SAT intensifies and covers the eastern CONUS with a center in the middle Mississippi Valley, Ohio and Tennessee Valleys, and the negative Z500 also strengthens but with a center in the northeastern corner of the CONUS. The positive Z500 anomaly in the western CONUS further intensifies; as a result, a warm SAT develops (Fig. 5e ). The dipole patterns of the SAT and Z500 further develop and reach the maxima on Lag day 0 (Fig. 5f) .
The above lagged composite maps demonstrate that (1) the negative EOF1 monopole pattern evolves into a dipole pattern and develops back into an EOF1 monopole pattern after 15 days and (2) the negative EOF2 dipole pattern first turns into a monopole pattern and then develops back into an EOF2 dipole pattern 15 days later. Correspondingly, positive and negative Z500 anomalies precede warm and cold SAT anomalies in situ, which indicates that the intraseasonal SAT over the CONUS is closely modulated by eastward propagating Z500 anomalies.
Next, the terms in Eq.
(1) at 1000 hPa are compared in time evolutions for their contributions to the generation of the monopole SAT warming in association with the PC1 (cf. Fig. 4 ). Figure 6 shows the evolution of the lagged composites averaged between 35°-45°N in a time-longitude section. Warm anomalies start on Lag day − 13, causing the surface temperature tendency to maximize at 95°W by Lag day − 6 ( Fig. 6a) . The dynamic terms, including the horizontal advection ( Fig. 6c ) and adiabatic vertical advection ( Fig. 6d) , first collectively contribute cold anomalies from Lag days − 15 to − 12, and then change to strong warm anomalies in the eastern CONUS (Fig. 6b) . A close inspection indicates that the horizontal advection ( Fig. 6c ) evolves more consistently with the dynamic term than the diabatic process. Specifically, the horizontal advection of the basic-state temperature by intraseasonal winds agrees with the total horizontal advection term in the eastern CONUS ( Fig. 6c, g) , while the advection of the intraseasonal temperature by the time mean flow (Fig. 6f ) contributes to the warming from Lag days − 15 to − 9 and the cooling from Lag day − 8 and onward in the western CONUS. Different from the horizontal advection terms, the adiabatic heating has a weak warming center near 105°W and a weak cooling center at 92°W from Lag days − 8 to 0 (Fig. 6d ). The diabatic processes (Q1, Fig. 6e ) contribute oppositesign temperature tendencies and counteract the effects of the dynamic processes in the eastern CONUS. Among the adiabatic terms, the vertical advection of the time mean temperature by the intraseasonal vertical velocity is dominant (Fig. 6h) . These results indicate that the monopole warming over the CONUS is mainly determined by the horizontal warm advection. Figure 7 is similar to Fig. 6 but in association with the normalized PC2 for the dipole pattern of the SAT. It is characterized by a warm center in the northwestern CONUS and a cold center in the southeastern (cf. Fig. 5f ). The surface temperature increases in the west of 105°W from Lag days − 11 to − 1, and decreases in the east of 105°W from Lag days − 15 to − 3 (Fig. 7a) . The warming in the western CONUS is evidently induced by the dynamic term since Lag day − 9, while the cooling in the eastern CONUS starts at Lag day − 6 ( Fig. 7b) . Overall, the horizontal advection and the dynamic term contribute similarly to the cooling in the east of 110°W (Fig. 7c ), while the adiabatic vertical motion contributes majorly to the warming in the west of 110°W (Fig. 7d ). The diabatic term presents an effect opposite to the dynamic term from Lag days − 9 to 0 (Fig. 7e ). In the thermodynamic budget, the horizontal advection of intraseasonal temperature by the time mean flow induces warming within the longitude band of 100°-110°W from Lag days − 12 to 0 (Fig. 7f ). The horizontal advection of time mean temperature by the intraseasonal horizontal flow plays a dominant role in cooling the eastern CONUS (Fig. 7g ). In summary, the adiabatic vertical motion contributes to the warming in the west of 110°W and the horizontal advection is responsible for the warming between 100°W and 110°W and the cooling in the eastern CONUS. The radiation effect associated with the PC1 and PC2 counteracts the positive effects of the dynamic processes on SAT anomalies. The net radiation flux (not shown) has evolution patterns similar to those of the Q1 (Figs. 6e, 7e ). 
Influence of MJO convection on the EOF1 and EOF2 SAT patterns
The intraseasonal variations in the SAT over the CONUS are related to mid-latitude Rossby waves in response to tropical MJO forcing (e.g., Matsueda and Takaya 2015) . These connections are next established using composite maps with respect to the first two EOF modes of the SAT. The connections are present in the atmospheric circulations at 200 hPa, isobaric vertical motion at 500 hPa, OLR anomalies reconstructed from the RMM-r modes, and wave activity flux W. The difference (between High and Low) composites of filtered variables and the reconstructed OLR are derived in association with the PC time series leading from 15 to 0 days, as MJO convection tends to lead the SAT anomalies over the CONUS by 2-3 weeks through the propagation of Rossby waves (Jin and Hoskins 1995; Seo and Son 2012) . The atmospheric circulations at 850 hPa (not shown) are also associated with the monopole and dipole modes of the SAT over the CONUS; the patterns are similar to those at 500 hPa and evolve consistently with alternating EOF1 and EOF2 modes. The OLR patterns reconstructed from the RMM-r modes represent tropical MJO convections in real-time applications , although the OLR filtered at 20-100 days generates similar composites. Figure 8 shows the lagged composites of the 20-100-day filtered streamlines (gray vectors) and stream functions at 200 hPa (shading), the reconstructed OLR (red and blue contours) and the horizontal components of the wave activity flux W (thick black vectors) associated with the normalized PC1. The plotted streamlines are statistically significant at the 95% confidence level in either latitudinal or longitudinal winds, and both the stream functions and reconstructed OLR pass the same significance level. On Lag day − 15 (Fig. 8a) , a cyclonic anomaly (C2) covers North America; a pair of anticyclonic (A2; positive stream functions) and cyclonic (C1; negative stream functions) centers occur over the North Pacific; and a closed anticyclonic anomalous circulation (A1) occurs over the Indian Peninsula and Indo-China Peninsula. Correspondingly, negative OLR anomalies (enhanced convection) extend from the eastern Indian Ocean to the Maritime Continent, while positive OLR anomalies (suppressed convection) are located in the Philippine Sea and equatorial Western Pacific. On Lag day − 12 (Fig. 8b) , the upper-level circulation and strong MJO convection patterns do not change much. From Lag days − 9 to 0 ( Fig. 8c-f ) the MJO convection weakens with the center moving slightly eastward to the Maritime Continent. Over East Asia, the MJO convection forces an anomalous local Hadley circulation causing adiabatic subsidence to the north (Seo et al. 2016) . As a result, the anticyclonic center (A1) moves eastward to South China. On Lag day − 9 ( Fig. 8c) , the eastern Pacific (A3) and western CONUS (A4) are at the center of the southwestern-northeastern tilted positive stream functions, and the A2 and C1 diminish westward. Notably, the SAT over the CONUS on this day has a dipole pattern, corresponding to A4 and the weakening negative center in the southeastern US. Three days later (Fig. 8d ), C1 disappears, and A3, C2 and A4 intensify. On Lag day − 3 (Fig. 8e ), A2 disappears, and A3, C2 and A4 develop further. On Lag day 0 (Fig. 8f) , A4 covers the entire CONUS, which causes a uniform warming (cf. Fig. 4f ). The evolution of the wave activity flux W is overlaid on Fig. 8 as thick , black vectors. The waves generally originate from enhanced MJO convections over the equatorial Indian Ocean and then propagate northeastward through the central Pacific (Figs. 8a, b ) to North America (Fig. 8c ). After Lag day − 9, the waves reach east of 180° and intensify (Fig. 8c-f ). The wave energy is continuously transported to the CONUS in developing the anticyclonic center (A4) in the upper troposphere.
Vertical motion is also associated with the MJO convection (represented by the reconstructed OLR) and circulations, which is demonstrated by the lagged difference composites of anomalous vertical velocity and winds at 500 hPa with respect to the normalized PC1 ( Fig. 9 ). On Lag day − 15, negative vertical velocity (ascending) is centered on the tropical Indian Ocean, which corresponds to enhanced MJO convection (Fig. 9a ). Before Lag day − 9 (Fig. 9a-c) , the ascending motion over South China weakens. The motion then descends ( Fig. 9d-f ) with the convection moving eastward to the Maritime Continent. The MJO forcing induces a quasi-barotropic Rossby wave in the equatorial Indian Ocean propagating northeastward to North America in the upper (cf. Fig. 8 ) and middle troposphere. This Rossby wave is illustrated by the streamlines for circulation and the vertical motion at 500 hPa, which are similar to those at 200 hPa. On day Lag − 6, middle-level circulations are characterized by an established Rossby wave train, with alternating cyclonic and anticyclonic centers originating from the tropics and propagating to North America, and the circulations are embedded with anomalous ascending or descending motions in between (Fig. 9d) . When a large anticyclonic center controls the CONUS, the descending motion develops in situ (Fig. 9c, d) (cf. Fig. 4d ). As the positive geopotential height strengthens further, the SAT over the central and eastern CONUS increases rapidly (cf. Fig. 4c ) and reaches its peak at Lag day 0 (cf. Fig. 4d ). The surface air warming leads to ascending motions over the eastern CONUS (Fig. 9f) .
The dipole pattern of the intraseasonal SAT over the CONUS (PC2) is also associated with the MJO forcing through Rossby wave fluxes and lagged circulation patterns. Figure 10 shows the lagged difference composites of the 20-100-day filtered streamlines, stream functions, reconstructed OLR and horizontal components of the wave activity flux W at 200 hPa associated with the normalized PC2. However, the reconstructed OLR is much smaller than that associated with the PC1. On Lag day − 15, positive OLR anomalies (suppressed convection) are located in the equatorial eastern Indian Ocean, while negative OLR anomalies (enhanced convection) occur over the Philippine Sea. In the meantime, a Rossby wave train is established with a series of cyclonic (C1 and C2) and anticyclonic (A1 and A2) anomalies from 180° to North America (Fig. 10a ). In the upper troposphere, the cyclonic center (C2) controls the western CONUS and the anticyclonic center (A2) controls the eastern. Three days later (Fig. 10b) , the MJO convection in the Philippine Sea weakens. To the north, a new anticyclonic circulation (A3) is generated, while the C1 and A1 move slightly northward. Such an influence of the OLR anomaly in the Philippine Sea on the development and propagation of Rossby wave trains was also disclosed by Seo et al. (2016) . On Lag day − 9 (Fig. 10c) , a newly formed cyclonic circulation (C3) occurs over South China, north of the positive OLR anomaly (suppressed convection). With the anticyclonic branch (A4) moving from the Polar latitudes, the cyclonic circulation (C2) propagates eastward to the eastern CONUS. From Lag days − 6 to 0 ( Fig. 10d-f) , the cyclonic and anticyclonic centers (A3, C1, A4, and C2) are strengthened further. The western and eastern CONUS are controlled by the anticyclone A4 and cyclone C2, respectively, in the upper troposphere, which corresponds to the warm-West/cool-East dipole pattern of the SAT (cf. Fig. 5f) . The wave activity flux shows that the wave energy originates from the anticyclonic center (A3) in the central Pacific and is induced by the convection in the equatorial Pacific on Lag day − 12 (Fig. 10b) , and then the wave energy propagates northeastward to North America. The anomalous subsidence in the Maritime Continent results in cyclonic circulations over South China, which also contributes to the wave energy concentration to North America (Fig. 10e) .
The lagged composites of the 20-100-day filtered streamlines and vertical velocity at 500 hPa associated with the normalized PC2 are shown in Fig. 11 . The atmospheric circulation in the middle troposphere is consistent with that in the upper troposphere, indicating a quasi-barotropic structure. As divergence occurs between the cyclonic center over the eastern CONUS and the anticyclonic center over the western CONUS, an anomalous center of ascending motion occurs over the CONUS on Lag day − 15 (Fig. 11a) . The eastward propagation of a wave train from the North Pacific to the CONUS (cf. Fig. 10 ) induces a dipole pattern with an anomalous ridge over the western CONUS and an anomalous trough over the eastern CONUS on Lag day 0 (Fig. 11f) . The pressure pattern with a high over the western CONUS and a low over the eastern CONUS induces the dipole mode of the SAT (cf. Fig. 5 ). The anomalous ridge in the west induces mid-latitude westerlies poleward such that an anomalously warm SAT develops in the western CONUS. The anomalous downstream trough advects cold air from the Polar areas to the eastern CONUS, which leads to regional cooling. The analyses above demonstrate that the tropical forcing induced by MJO convections substantially impacts the dominant intraseasonal SAT patterns over the CONUS through Rossby wave train propagation from the tropics to North America. To verify the lagged relationship between the monopole warming or "warm-West/cool-East" dipole pattern of the SAT over the CONUS and the MJO phases, we count the number of days when each phase of strong MJO events precedes the two leading EOF modes of the SAT. Table 1 shows the accumulated days in each MJO phase for the 112 strong cases corresponding to or prior to the day when the normalized PCs are greater than 1 STD over the CONUS with a time lag of three to one pentad. The first criterion is PC1 > 1STD. The MJO is in phase 3 when the accumulated day peaks at Lag pentad − 3. The maxima occur in the following two pentads and on Lag day 0 during MJO phases 4, 5, and 7. It means that enhanced MJO convection is located over the Indian Ocean three pentads before, and then the convection moves eastward to the Maritime Continent and Western Pacific. Second, when PC2 > 1STD, the accumulated day reaches its peak during phase 7, approximately 2-3 pentads before Lag day 0. This indicates that when the enhanced MJO convection is in the Western Pacific or Western Hemisphere and accompanied by suppressed MJO convection over the Maritime Continent (cf. Fig. 10 ), a warm-West/cool-East dipole mode of SAT develops over the CONUS. These results agree well with those shown in Figs. 8 and 10 . The above analyses demonstrate that enhanced MJO convective heating over the Maritime Continent during phase 4 tends to induce warm the intraseasonal SAT anomalies to develop over the entire CONUS (monopole pattern), especially the northeastern part. After two pentads, the monopole warming over the CONUS is well developed, which corresponds to the eastward propagation of the MJO.
To further verify the responses of atmospheric circulation in the mid-latitudes to different locations of MJO convections, two sensitivity experiments are performed by specifying additional three-dimensional heating over the equatorial Indian Ocean and western Pacific in the LBM, centered at the points (0°, 80°E) and (0°, 165°E), respectively. The vertical heating profile is consistent with that used to examine the direct response of global atmospheric circulation anomalies to MJO convection in the numerical study of Seo and Son (2012) . The peak of heating rate is approximately 2.5 K day −1 at σ = 0.35 (Fig. 12a ). The locations of heating (Fig. 12b, c) correspond to enhanced MJO convection during phases 3 and 7 (cf. Figs. 8, 10) . Figure 13 shows the responses of geopotential heights at 500 hPa to the enhanced MJO convection in phases 3 and 7. The contrast results between the two experiments demonstrate that after 5 days, the heating over the equatorial Indian Ocean produces an arc-like Rossby wave propagating from the tropics to North America (Fig. 13b) , whereas the heating over the equatorial western Pacific induces a canonical Rossby wave propagating from the central Pacific to North America (Fig. 13f ). Such wave propagations are consistent with the composite results of the stream function and wave activity flux on day Lag − 9 (Figs. 8c, 10c ). After 15 days, the mid-level geopotential height over the CONUS manifests as monopole and dipole patterns as a response to the heating over the equatorial Indian Ocean and western Pacific (Fig. 13d, h) . The patterns agree well with the composite results of the 500-hPa geopotential height (Figs. 4f, 5f) . The experiments also indicate that the heating collocated with enhanced convections during MJO phases 3 and 7 establishes Rossby wave trains from the tropics to North America and to further induce the monopole warming pattern and the "warm-West/cool-East" dipole pattern of the SAT over the CONUS about three pentads later. Seo and Son (2012) presented that the MJO-related diabatic heating over the Indian and western Pacific Oceans can directly affect the global circulation by using a primitive equation model, which is consistent with our numerical results.
Summary and discussion
The first two leading EOF modes of the winter-time intraseasonal (20-100 days) SAT over the CONUS are derived in the present study. These modes are associated with mid-latitude atmospheric circulation anomalies in response to tropical MJO convections through Rossby wave flux transport. Leadlag relationships are established between these modes and the tropical convections during strong MJO phases with either enhanced or suppressed convections.
The two EOFs explain 53.8% and 20.5% of the total variance in the intraseasonal SAT, respectively. The EOF1 is featured by a monopole pattern with the largest loading occurring in the central-northern CONUS, and the EOF2 shows a dipole pattern with opposing signs over The large-scale atmospheric circulations associated with the two PCs are analyzed by composites with a 15-day lead. The negative EOF1 monopole pattern of the intraseasonal SAT develops into a dipole pattern, and 15 days later, it becomes a positive EOF1 monopole pattern. The negative EOF2 dipole pattern first grows to a monopole pattern and then develops back into a positive EOF2 dipole pattern over 15 days. The development of such alternating patterns agrees well with the lead-lag relationship between the EOF1 and EOF2. The variation associated with the SAT anomaly is preceded by the Z500 anomaly, which indicates that the eastward propagation of circulation anomalies substantially impacts the intraseasonal variations in the SAT over the CONUS. The monopole warming over the CONUS is mainly determined by the horizontal advection. The "warm-West/cool-East" dipole pattern of the SAT over the CONUS is contributed by both horizontal advection and adiabatic vertical motion.
Both composite analyses and numerical experiments reveal that large-scale circulation anomalies are modulated by the MJO forcing through Rossby wave energy dispersion from the tropics to North America. During the development of a uniform warming over the CONUS, enhanced MJO convection first develops in the eastern Indian Ocean and suppressed MJO convection occurs over the equatorial Western Pacific (Fig. 8a) . Then, the evolution of the Rossby wave fluxes indicates an arc-like Rossby wave propagating from the tropics to North America, when the enhanced convection is located over the Maritime Continent in MJO phase 4 ( Fig. 8c ). Meanwhile, a dipole pattern of the intraseasonal SAT is generated with an anticyclonic center over the western CONUS and a cyclonic center over the eastern CONUS (Fig. 14a ). When the enhanced MJO convection moves to the Western Pacific, a Rossby wave propagates from the central Pacific to North America. As a result, warm SAT anomalies cover the CONUS as a monopole mode (Fig. 14b ). These Rossby waves agree well with those explained dynamically by Seo and Lee (2017) using GCM simulations, i.e., the longest waves at zonal wavenumber 1 originating from north of the enhanced MJO convection in the Indian Ocean form an arc-like propagation to North America. The formation of a Rossby wave in developing the latter half of uniform warming is determined by two pathways: (1) waves at zonal wavenumbers 1 and 2 feature a canonical Rossby wave propagating from the jet exit region in the central Pacific to North America; and (2) shorter waves are displaced downstream and emanate in the jet exit regions to North America due to the waveguide effect. Thus, the propagating Rossby waves induce the uniform warming over the CONUS with a center over the central-northern CONUS (Fig. 14b) .
The "warm-West/cool-East" dipole pattern over the CONUS is also modulated by the MJO forcing but during phases different from the monopole warming (Fig. 14c, d) . During the first half of this process, enhanced MJO convection occurs over the equatorial Western Pacific, although its intensity is relatively weak. North of the enhanced convection, an anticyclonic anomaly develops and induces a canonical Rossby wave propagating from the central Pacific to North America. Consequently, a giant cyclonic anomalous circulation controls nearly the entire CONUS, forming a monopole pattern of the SAT cooling (Fig. 14c ). The MJO convection in the western tropical Pacific induces an extratropical response over the North Pacific and North America, which was demonstrated by the GCM simulations in Lukens et al. (2017) . In the latter half of the dipole pattern, suppressed MJO convection extends to the Maritime Continent. In addition to the local response over South China, the wave flux activity indicates that the suppressed convection in the Maritime Continent contributes to the maintenance and reinforcement of the Rossby wave emanating from the central Pacific to North America. The resultant positive PNA-like teleconnection pattern induces the occurrence and development of a dipole intraseasonal SAT pattern (Fig. 14d) .
Quantitative analyses focusing on the lagged relationship between the MJO phases and SAT patterns over the CONUS are concluded as follows. When the MJO is in phase 4 with enhanced convection over the Maritime Continent, a uniform warming over the CONUS is more likely to occur and reaches its peak after two pentads. In contrast, when the MJO is in phase 7 with enhanced convection over the equatorial Western Pacific, a dipole pattern of "warm-West/cool-East" is more likely to be generated and reach its maximum two pentads later.
The two EOFs are modulated by the MJO convection with two notable differences. One is that OLR anomalies (MJO convection) are stronger for the PC1 than the PC2. The other is that the peak EOF1 (monopole) mode is more likely modulated by the MJO convection propagating from the Western Hemisphere to the Indian Ocean, while the peak EOF2 (dipole) mode is more likely modulated by the MJO convection east of the date line. Such differences merit additional investigation to link the MJO convections to the intraseasonal SAT variability over the CONUS to potentially improve subseasonal predictions.
